The effects of different surface pretreatment methods on the nucleation and growth of ultra-nanocrystalline diamond (UNCD) films grown from focused microwave Ar/CH4/H2 (argonrich) plasma were systematically studied. The surface roughness, nucleation density, microstructure, and crystallinity of the obtained UNCD films were characterized by atomic force microscope (AFM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy. The results indicate that the nucleation enhancement was found to be sensitive to the different surface pretreatment methods, and a higher initial nucleation density leads to highly smooth UNCD films. When the silicon substrate was pretreated by a two-step method, i.e., plasma treatment followed by ultrasonic vibration with diamond nanopowder, the grain size of the UNCD films was greatly decreased: about 7.5 nm can be achieved. In addition, the grain size of UNCD films depends on the substrate pretreatment methods and roughness, which indicates that the surface of substrate profile has a "genetic characteristic".
Introduction
The outstanding properties of diamond films have attracted interest because of their potential applications, such as in microelectronics, optics, tribological, DNA-based sensors, and micro electro mechanical system (MEMS) [1−5] . However, the application of microcrystalline diamond (MCD) film is greatly limited because of the relatively low surface smoothness and large grains. Thus it will cost much time and work to polish microcrystalline diamond [6] . On the other hand, nanocrystalline diamond (NCD) or ultrananocrystalline diamond (UNCD) films have low surface roughness and fine nano-scaled grains and they can be directly applied in the area of MEMS and DNAbased sensors without the polishing step needed for MCD. UNCD not only overcomes the disadvantage of MCD but it also retains most of exceptional properties of MCD. Therefore, UNCD films have attracted tremendous technical and scientific interest because of their superior performance, such as higher surface smoothness and lower cost.
It is well known that a UNCD film can be achieved by controlling the working pressure, gas phase composition, substrate temperature, and substrate pretreatment [7] . Therefore, the control of nucleation and growth is essential for optimizing the UNCD film properties that are necessary for the targeted applications, such as morphology, orientation, transparency, roughness, grain size, and adhesion. UNCD films have also been reported under bias enhanced and hot filament CVD [8] . According to the literature, the hot filament CVD growth of UNCD film has been observed, both by using the carbon precursor diluted in H 2 and in H 2 /Ar gas mixtures. The growth parameter ranges, such as the substrate temperature and the gas concentration, reported in the literature can influence the growth of UNCD films.
In the present study, UNCD films were synthesized on a P-type Si substrate with different surface pretreatment methods by using the unique microwave plasma chemical vapor deposition (MPCVD) system. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) are used to observe the change in surface morphology and roughness. Raman spectroscopy and X-ray diffraction (XRD) are employed to reveal the change in the surface chemical structure and grain size. The effects of substrate pretreatment on the nucleation and growth of UNCD films are investigated. The mechanism behind nucleation enhancement in the UNCD films nucleation process is explained on the basis of observed experimental results.
Experiment

Substrate pretreatment
The pretreatment processes of Si substrates are described as follows. Mirror-polished P-type (100) silicon wafers were cut into four parts, named sample #1, #2, #3 and #4, respectively. In order to remove the oxide layer on the silicon surface, we used a buffered hydrofluoric acid (HF) solution to remove the native oxide (SiO 2 ) from the Si surface prior to the samples' pretreatment. Several substrate pretreatment methods were applied, as follows: (1) sample #1 was cleaned only in a pure acetone solution without any pretreatment; (2) sample #2 was manually scratched on a grinding wheel using a slurry of nanosized Al 2 O 3 (about 50 nm; n-Al 2 O 3 ) and deionized water for 15 min; (3) sample #3 was manually scratched on a grinding wheel using a slurry of nano-sized diamond (about 50 nm; nanodiamond) and deionized water for 15 min; and, (4) for sample #4, the pretreatment method consisted of two steps, the first step used a plasma pretreatment to deposit a ultra-thin SiC precursor, and the second step was a seeding step. These two steps can be specifically described as follows: in the first step, a pre-cleaned Si wafer was placed into the growth chamber and subjected to a plasma treatment for 30 min with the following processing parameters: microwave power, 1600 W; deposition pressure, 5.3 kPa; H 2 /CH 4 flow rate, 200/12 sccm; substrate temperature, 950 o C. In the second step, the sample was taken out of the growth chamber and then treated in an ultrasonic bath with an acetone solution containing diamond nanopowder for 15 min. A schematic diagram for this pretreatment method is shown in Fig. 1 .
Subsequently, the samples were ultrasonically rinsed in pure acetone and deionized water for 20 min, respectively. Finally, before all of the above samples were used for subsequent UNCD nucleation and growth, they were blown dry with a hair dryer. 
Nucleation and growth of ultrananocrystalline diamond
The pre-nucleated samples were nucleated in H 2 /CH 4 plasma and growth in H 2 /CH 4 /Ar using a 2 kW, 2.45 GHz MPCVD system. The following experiments were strictly performed according to the experiments parameters. The vacuum chamber was pumped down to the base vacuum (around 0.1 Pa). The chamber was then filled with hydrogen (H 2 ). The microwave power and the working pressure were maintained at 500 W and 0.5 kPa, respectively, which were switched on to ignite the plasma. The microwave power and the working pressure were then increased to the set limits. Prior to the deposition, the samples were cleaned in a hydrogen plasma ball that was ignited at 1300 W and 3.0 kPa for 20-25 min. Methane (CH 4 ) was then introduced into the chamber. The gas flow rates were precisely controlled using mass flow meter (MFM). The substrate temperature was measured by a two-color infrared radiation thermometer through the observation windows. The detailed parameters of the nucleation and growth of UNCD are shown in Table 1 .
Atomic force microscopy (AFM, Agilent-5500, USA) and scanning electron microscopy (SEM, JSM-5510LV, Japan) observation was made to investigate the surface morphology of the diamond films. The structure and the quality of UNCD films were examined by X-ray diffraction (XRD, D8ADVANCE, Germany) and Raman spectroscopy (Raman, DXR, USA), respectively. 3 Results and discussion
Pretreatment
Fig . 2 shows the AFM images of the untreated and three pre-treated silicon surfaces. In Fig. 2 (#1) , it can be clearly seen that the surface roughness of sample #1 is extremely low (about 0.5 nm). After 15 min manually scratching with n-Al 2 O 3 , a significant powder change was observed, as shown in Fig. 2 (#2) . This indicates that, indeed, the manually scratching with n-Al 2 O 3 alone does result in roughening, exhibiting a large number of long and deep grooves, which is about two times more than that on untreated silicon wafers. However, if manually scratching with diamond nanopowder is used (Fig. 2 (#3) ), then the surface exhibits plenty of craters and debris of crushed particles. This phenomenon may be produced as a result of the shock of nanodiamond particles. The surface roughness is very similar to the results of manually scratching with n-Al 2 O 3 powder. It is also clearly seen that when a plasma pretreatment step followed by a seeding step was used, the overall roughness of the sample greatly decreased (see Fig. 2 (#4) ). On the other hand, a large number of diamond fragments or other particles were left on the surface. and, (#4) Plasma treatment followed by ultrasonic vibration with diamond nanopowder Fig. 3 shows the X-ray diffraction profiles of sample's substrate after plasma treatment followed by ultrasonic vibration with diamond nanopowder. It can be seen that the peak of SiC and Si is very strong and there are some weak peaks about the diamond and amorphous carbon. This illustrates that there are a large number of SiC precursors and a little diamond or amorphous carbon is produced after plasma pre-treatment followed by a seeding step. Fig. 4(a)-(d) shows the surface SEM images of different pretreated samples after 35 min of UNCD nucleation by MPCVD. It is found that the nucleation on the untreated sample is extremely poor and very few diamond nuclei are visualized in Fig. 4(a) . However, in Fig. 4 (b) the nucleation rate of diamond largely increases when manually scratching with n-Al 2 O 3 is applied. So the action of scratching does indeed lead to a great increase of the nucleation rate when compared with the unpretreated sample. However, when the samples are pretreated with nanodiamond powder, the nucleation rate increases further and nearly 90% surface coverage can be observed in Fig. 4(c) . It is also important to note that the use of a plasma pretreatment followed by a seeding step, as compared to the other pretreatment methods, leads to much higher nucleation densities, higher uniformity of nuclei distributions, and higher surface coverage (see Fig. 4(d) ). This clearly facilitates the production of dense, smooth and uniform diamond films.
Ultra-nanocrystalline diamond nucleation
The corresponding mechanisms of diamond nucleation are illustrated in Fig. 4(e)-(h) . (1) No scratches or fractured diamond can be easily distinguished on the untreated samples (see Fig. 4(e) ). Because the surface energy difference between Si and diamond is huge, the carbon atoms or carbon group on the mirror-polished surface are easy to slide and evaporate out of the surface [9] . On the other hand, the lattice difference between diamond and Si is approximately ∼52% [10] . Perhaps these two reasons explain why it is difficult for nucleation to take place on the mirror-polished silicon wafers, which is also consistent with the results of the corresponding SEM images. (2) Although only a few scratches on the Si wafer after manually scratching with n-Al 2 O 3 can be seen in Fig. 4(f) , these scratches include a large number of steps, edges, dislocations, and other surface defects or pits [11] . These can greatly reduce the surface energy of the silicon wafer and generate dangling bonds, which leads to an enhancement of the chemisorption energy and more rapid carbon saturation on these sites [12−14] . So diamond nucleation on these sites is easier than on the untreated samples. Fig. 4(g) shows that there are not only scratches on the Si surface but also some fractured diamonds left on the scratched grooves. It was well-known that diamond nucleates easily on them. Tang [15] observed that fragments of diamond existed in the scratched grooves of Si substrate, upon which the growth of diamond did occur. (4) In addition to scratched grooves and fractured diamond on the Si surface, more importantly, there are a large number of SiC precursors on it (Fig. 4(h) ). It is reported that the lattice misfit between diamond and SiC (∼22%) [12] is much smaller than that between diamond and silicon (∼52%). By combining the advantages of two diamond nucleation methods, diamond nucleation on SiC/Si becomes the easiest amongst all of the diamond nucleation methods.
Ultra-nanocrystalline diamond growth
According to the investigation of Buijinsters [16] , higher nucleation densities can form the films faster, the nucleation will have better uniformity, and smoother films can be produced. The same results can be seen in Fig. 5 , which shows the SEM images of UNCD films after different surface pretreatment methods. However, Fig. 5 (#1) displays a few scattered small particles of diamond and no continuous film. The continuity of the films was drastically improved and the cluster size was also decreased drastically from #2 to #4. Sample #2 exhibited ball-like clusters morphology with a typical nanocrystalline nature. Unlike sample #2, the grains of sample #3 and sample #4 gathered together to form needle-like structures. However, the surface of sample #4 was quite dense and smooth. These results illustrate that the surface pretreatment is a very effective method to enhance the growth of diamond on silicon substrates.
Fig.5 Surface SEM images of ultra-nanocrystalline diamond films deposited after different surface pretreatments
The formation of UNCD films was confirmed by XRD measurements. Fig. 6 shows the XRD patterns of the samples. There are peaks positioned at 43.9
• , 75.4
• , 91.8
• and 119.6
• corresponding to the (111), (220), (311) and (400) reflexes of diamond, and the peaks observed at 69.5
• correspond to the (400) reflexes of Si, respectively. From samples #2 to #4, the intensity of the (111) diffraction peak is very strong. This evidences the (100) preferred orientation of these films. All of the samples also show a small (220) and (311) diamond diffraction peak. However, there is a small (400) diamond diffraction peak noted only for sample #3 and #4. This indicates that all of the UNCD layers that were deposited after different surface pretreatment method show a polycrystalline nature.
XRD analysis of the deposited UNCD films was also used to characterize the influence of substrate pretreatment on the grain size and the full width at half maximum (FWHM) of the UNCD films. According to the well-known Scherrer equation [17] , the average grain size of the overall samples can be calculated as follows.
where λ = 0.1542 nm and B is the FWHM of the (111) diffraction peak. Fig. 7 displays the average grain size and FWHM of all of the samples deposited after different surface pretreatments. At the same time, the average grain size of the samples was reduced from 27.6 nm to 7.5 nm as the surface pretreatment method varied from sample #2 to sample #4. This indicates that sample #2 exhibits nanocrystalline nature, and the result is in accordance with the ball-like clusters morphology of sample #2. However, it indicates that sample #3 and sample #4 exhibited an ultra-nanocrystalline nature. The results are also in accordance with the SEM morphologies of sample #3 and sample #4. Grain size and FWHM of ultra-nanocrystalline diamond films deposited after different surface pretreatments Fig. 8 shows the Raman spectra of samples (#2-#4). From these samples it can be clearly seen that there is a diamond peak at around 1332 cm −1 and a nondiamond broad peak in the range of 1350-1600 cm −1 . It can also be seen that there are two peaks located at 1140 cm −1 and 1470 cm −1 . Lee [18] reported that these two peaks usually appeared in the Raman spectra of NCD or UNCD films, which they thought was a result of trans-polyacetylene structure appearing at the surface and grain boundaries of NCD or UNCD films. Therefore, the two peaks usually appear in the Raman spectra of the diamond with a nanocrystalline structure. So, when these two characteristic peaks emerge they can directly indicate that the diamond film has a nanocrystalline structure. These results are particularly consistent with the grain size of the UNCD films calculated from the Scherrer equation. Samples #2, #3 and #4 deposited after different substrate pretreatments exhibited a nanocrystalline nature. On the other hand, a broad band, at around 1555 cm −1 , appeared in the spectra of sample #2. This broad band indicates the presence of amorphous carbon phases in the films acting as film impurities [19] . In addition, the formation of sp 2 -bonded carbon seems to be enhanced by using the n-Al 2 O 3 powder. It can also be observed that the quality of UNCD films gradually increases as the sample varies from #2 to #4. 
Conclusions
In this paper, we have investigated the effects of surface pretreatment on the nucleation and growth of UNCD films in CH 4 /H 2 /Ar plasma. The following conclusions are drawn from the experimental results:
a. SiC precursor can be produced on Si by a microwave plasma CVD from a gaseous mixture of methane and hydrogen at high substrate temperature.
b. The nucleation rate of the overall pretreated samples is greatly enhanced.
c. When the silicon surface is pretreated by a twostep method with a plasma pretreatment step followed by a seeding step, the highest nucleation rate and the best surface smoothness can be achieved.
d. Although some effects of the applied pretreatment methods on the density of diamond nucleation can be observed, little detectable differences in crystal orientation of UNCD films are observed.
e. Highly smooth UNCD films with a grain size of about 7.5 nm are produced with initially higher nucleation densities.
f. The surface of the substrate profile has a "genetic characteristic", and the surface morphology and grain size of UNCD films depend on the pretreatment methods and roughness of the substrate.
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